Lattice dynamics and electron-phonon coupling in Sr2Ru04 
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The lattice dynamics in Sr2Ru04 has been studied by inelastic neutron scattering combined 
with shell-model calculations. The in-plane bond-stretching modes in Sr2Ru04 exhibit a normal 
dispersion in contrast to all electronically doped perovskites studied so far. Evidence for strong 
electron phonon coupling is found for c-polarized phonons suggesting a close connection with the 
anomalous c-axis charge transport in Sr2Ru04. 

PACS numbers: PACS numbers: 74.25.Kc 74.70.Pq 



INTRODUCTION 

The discovery of superconductivity in Sr2Ru04 pj] 
has attracted attention partially due to the structural 
similarity with the high-temperature superconducting 
cuprates. Superconductivity in Sr2Ru04 is unconven- 
tional in character: from Knight-shift, /zSR and polar- 
ized neutron studies a triplet pairing was deduced 0. 
Recently, direct evidence for an odd pairing symmetry 
was obtained by experiments on quantum interference 
devices Q and by magneto-otpical Kerr effect In 
view of the unconventional pairing symmetry, the conven- 
tional electron-phonon coupling can be discarded from 
the possible pairing mechanisms, however, one may not 
rule out some exotic electron-lattice mechanism to play 
an important role. Indeed, the superconducting transi- 
tion in Sr2Ru04 exhibits a remarkable isotope effect Q. 
A detailed study of the lattice dynamics in this material 
appears hence highly desirable. 

The lattice dynamics in Sr2Ru04 merits further inter- 
est as a reference material for the large class of transition 
metal-oxides with a perovskite related structure where 
an anomalous phonon dispersion has been observed 
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stimulated by the phenomenon of high-temperature su- 
perconductivity the phonon dispersion of many oxide 
perovskites has been studied in detail. In general the 
lattice dynamics of these materials is well understood 
with the aid of ionic lattice-dynamical models [2I, ^2^ . 
In particular in the insulating parent compounds, like 
La2Cu04, all features in the phonon dispersion are at 
least qualitatively described by simple ionic models. In 
electronically doped materials, like (La, Sr)2Cu04, how- 
ever, significant discrepancies in the dispersion of the 
longitudinal bond-stretching branches were discovered 
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A typical lattice dynamical model including an isotropic 
screening function will always predict an increasing bond- 
stretching dispersion when passing from the Brillouin- 



zone center into the zone due to the imperfect screening of 
the Coulomb-potentials at short distance. Instead a de- 
creasing dispersion with the longitudinal zone-boundary 
frequencies falling below those of the transverse branch 
has been observed in numerous perovskite materials : in 
different types of superconductin g cupra tes [6i, lS, 



in nickelates |l6l.Tl7| . in manganates 
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[18| and in superconducting Bai-a^Kj-BiOaflOl, |20|, 
for a recent review of these effects see reference 
These doping-induced effects are frequently called over- 
screening |24| referring to the fact that simple screening 
should soften the longitudinal phonon modes. All these 
materials, however, are poor metals and they are all close 
to a charge ordering instability [25!|. One may, hence, 
consider the frequency softening in the bond-stretching 
dispersion as a dynamic precursor of the charge ordering. 
Charge ordering at the metal site will modulate the bond- 
distances to the 0-surroundings [26]. Therefore, charge 
ordering and the bond-stretching phonons are intimately 
coupled. For instance in the cuprates, the propagation 
vector where static stripe ordering is observed upon Nd- 
codoping agrees well with the q-vector of the anomaly 
in the longitudinal bond stretching branch A pro- 
nounced anomaly has recently been observed in materials 
passing into the charge-ordered stripe phase [i^] ■ 

As all the electronically doped oxide perovskites stud- 
ied so far exhibit an anomalous bond-stretching dis- 
persion, one may ask whether the over-screening effect 
should be considered as being anomalous. The study of 
additional materials is hence needed. 

We have studied the phonon dispersion in Sr2Ru04 by 
inelastic neutron scattering and we have modeled it with 
ionic shell models taking the screening of the Coulomb 
potentials into account. The over-screening effect in the 
in-plane longitudinal bond-stretching dispersion is not 
found in Sr2Ru04 which is the only metallic oxide per- 
ovskite exhibiting a normal bond-stretching dispersion. 
However, the inter-plane charge dynamics seems to in- 
duce a pronounced softening of the c-axis polarized bond- 
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FIG. 1; (color online) Typical scans to determine the phonon 
dispersion in Sr2Ru04. In parts a) and b) transverse acoustic 
phonon modess of A3 and A4 symmetry are shown, respec- 
tively. In part c) scans across the two c-polarized apical- 
oxygen modes, Au and Ag, are presented. At the Ag mode 
a Ai branch starts for which part d) shows two correspond- 
ing scans. In parts e) and f) scans across transverse in-plane 
bond-stretching modes are shown : e) for a transverse mode 
along the [100] direction and f) for the zone-boundary mode 
in [110] direction which is the quadrupolar mode. 



set a PG filter into the scattered beam and fixed the final 
energy to 3.55 or 7.37 THz (corresponding to 14.7 and 
30.5 meV). The crystals were cooled to about 15 K with 
the aid of a closed-cycle cryostat. Most of the measure- 
ments were taken at that temperature. In order to study 
specific temperature dependencies a helium cryofurnace 
was used. 

Typical scans aiming at phonons at quite different en- 
ergies are shown in Fig. 1 covering the full energy range 
of the phonon dispersion in Sr2Ru04. In an inelastic 
neutron scattering experiment the scattering intensity, 
/, arising from a one- pho non process in neutron-energy 
loss mode is given by [3l| : 

/ ocl . {n{cj) + 1){ V ^ . e(-^^+''Q-a) . (Q . ed)}2 (1), 

a ^ 

{uj denotes the phonon frequency {lo — note that 
1 THz corresponds to 4.14 meV), q the phonon wave- 
vector, Q = g + q the scattering vector (g the recip- 
rocal lattice vector) e"^'' the Debye- Waller-factor, and 
the sum extends over the atoms in the primitive cell with 
mass nid scattering length 6^, position rd and polariza- 
tion vector Gd. In general, the intensity is determined by 
the Bose-factor, n{uj), and the ^-term, which strongly 
reduce the effectiveness to observe high-energy modes. 
The dynamic structure factor equation (1) allows one to 
determine the full polarization of the modes by compar- 
ing the intensities measured in different Brillouin zones. 
In the other sense, a preliminary model may predict via 
equation (1) the favorable Brillouin-zones for the observa- 
tion of particular phonon modes. Throughout this work 
we were guided by the lattice-dynamical model, which 
was successively improved with the growing amount of 
experimental information. 



stretching modes which must be taken as evidence for a 
strong-electron phonon coupling in this unconventional 
superconductor. 

EXPERIMENTAL 

The single crystals studied in this study were grown 
by the floating-zone technique [28| and these and crys- 
tals grown in the same way were already used in numer- 
ous inelastic neutron-scattering experiments aiming at 
the magnetic excitations in Sr2Ru04 [1^, [l^j as well as 
in many other studies 0] . Measurements were performed 
on the IT thermal triple-axis spectrometer at the Orphee 
reactor in Saclay. In the standard configuration we have 
used a pyrolithic graphite (PG) (002)-Bragg reflection 
monochromator at low energies (up to ~10 THz energy 
transfer) and a Cu-(lll) monochromator at high energy. 
In order to suppress higher-order contaminations we have 



OVERALL PHONON DISPERSION AND 
LATTICE DYNAMICAL MODEL 

Fig. [2] shows the measured phonon dispersion to- 
gether with the results of the lattice dynamical calcu- 
lations. Sr2Ru04 crystallizes in the K2NiF4-structure 
in space group lA/mmm with seven atoms in the primi- 
tive cell, accordingly the phonon dispersion consists of 21 
phonon modes at the general position, but due to sym- 
metry there are several degenerations at special points 
or lines. A small part of this data was already published 
earlier focusing on the lattice instability appearing at the 
zone-boundary M=(0.5,0.5,0) of the Sg-branch [3^]. The 
mode associated with the rotation of the RuOe-octahedra 
around the c axis possesses a rather soft frequency as seen 
in the dip in the S3 dispersion at the M-point, (0.5,0.5,0), 
and this mode exhibits an anomalous temperature de- 
pendency as reported in our first publication (3^ . These 
effects must be considered as a precursor of the structural 
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phase transition lowering the space-group symmetry from 
lA/mmm to lAi/acd which has been observed in the 
meanwhile in the Ca2_ Sr Ru04-series 3^ 341. In con- 



trast to the rotational mode, the octahedron-tilting mode 
does not show anomalous effects in Sr2Ru04. This dy- 
namic precursor of the rotational instability is perfectly 
described by the lattice-dynamics model. 

In a first approach, one may attribute the branches 
in the range of 4 THz to Sr/Ru- vibrations and those 
in the range 5-12 THz to different Ru and Ru-0 bond- 
bending modes. The modes in the frequency range 14- 
16 Thz correspond to vibrations of the apical oxygen 
parallel to the c axis and the highest band of phonons 
with frequencies above 20 THz is associated with the in- 
plane bond-stretching vibrations. Only three zone-center 
modes are Raman active and were observed by Udagawa 
et al. H, 3^1. The two Ag-modes corresponding to the 
c-axis vibrations of Sr and to that of the apical oxygen 
are found at 5.96 and 16.49 THz, respectively, and one 
Eg mode is found at 7.36 THz [33, HI]. The correspond- 
ing frequencies determined by inelastic neutron scatter- 
ing perfectly agree with these Raman results, we find the 
frequencies 6.02, 16.44 and 7.27 THz. Due to the good 
in-plane electrical conductivity, Infra-Red optical mea- 
surements with the polarization parallel to the planes 
were unable to observe any phonon modes but the three 
c-polarized Au frequencies at 5.92, 11.11 and 14.49 THz 
have been determined 
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The two lower frequencies 
agree well with our results giving 5.94 and 10.99 THz. 
However, we find the highest Au mode at 13.80 THz. 
Since the determination of the phonon frequencies has 
not been the focus of the Infra-Red study, no raw-data 
were shown in ref. |37j and we cannot further comment 
the high-frequency discrepancy. 

The 21 modes at the zone-center can be separated ac- 
cording to the irreducible representations into : 1 Bu 
(observed at 9.09 THz), 2 Ag (6.02 and 16.44 THz), 
4 Au (5.94, 10.99 and 13.80 THz plus acoustic mode), 
2 double-degenerated Eg ( 3.59 and 7.27 THz), and 5 
double-degenerated Eu ( 4.38, 8.36, 9.72, and 20.85 THz 
and acoustic mode). Along the main-symmetry direc- 
tions [100] (A), [110] (E), and [001] (A) the modes can 
be separated according to three or four irreducible repre- 
sentations. In our notations the subscript 1 always refers 
to the representation the longitudinal acoustic mode be- 
longs to. Subscript 2 signifies the representation which 
does not contain any acoustic mode, and subscripts 3 and 
4 (the latter is not used for A modes) denote the repre- 
sentations containing the transverse acoustic modes with 
c-polarized acoustic modes belonging to representation 4. 
The polarization schemes and the compatibility relations 
of the irreducible representations are given in Table I. 
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2Ag + 5 Eu 
^3 : 5 Eu 
A 

^3: 5 Eu 
: 2 Ag + 4 Au 
: 2 Eg + 5 Eu 



2 Eg 

: 1 Bu + 2 Eg + 4 Au 
E2 : 1 5„ + 2 Eg 
T.i : 2 Eg + 4 Au 
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TABLE I: Upper part :Polarization schemes according to the 
crystal structure of Sr2Ru04 for all F-modes and for the rep- 
resentations along the [100], [110] and [001] directions (labeled 
A, E and A respectively); the first line gives the positions of 7 
atoms forming a primitive unit [3^, the following lines show 
the displacements of these atoms. A letter at the i-position, 
signifies that this atom is moving along the i-direction, a sec- 
ond appearance of the same letter signifies that the second 
atom moves with the same amplitude ("-" denotes a phase 
shift) in the corresponding direction. Lower part : Compat- 
ibility relations of the irreducible representations for phonon 
wave vectors along the main-symmetry directions. 
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FIG. 2: (color online) Phonon dispersion in Sr2Ru04, symbols 
denote the measured frequencies and lines those calculated 
with the lattice dynamical model. We show the phonon dis- 
persion along the main symmetry directions, [100], [110] and 
[001], separated according to the irreducible representations, 
see text and Table I. 
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potentials 



ionic part 



pair A(eV) ro (A) C (eV/A^* 

Sr-01 1825 0.318 

K Sr-02 2250 0.318 



ion Z Y 

Ru 2.58 0.47 8.0/2.0 Ru-Ol 2999 0.260 

Sr 2.00 5.86 3.6 Ru-02 3874 0.260 

01 -1.52 -3.25 1.8 01-01 2000 0.284 -100 

02 -1.77 -2.77 1.8 01-02 2000 0.284 -100 

02-02 2000 0.284 -100 

additional force constants (dyn/cm) 

constant F 
angular Ol-Ru-01 6798 
angular 02-Ru-02 11178 
special 02-z 3205 
special breathing -5203 

TABLE II: Lattice dynamics model parameters for the de- 
scription of the phonon dispersion in Sr2Ru04; for the expla- 
nation of the parameters see text; Z,Y are given in electron 
charges; K in lO^dyn/cm. 



We have tried to describe the observed phonon disper- 
sion of Sr2Ru04 in a Born-von-Karman force-constant 
model taking into account atomic pairs up to 15th shell 
or 30 parameters. For a metallic material one may 
expect such a model to yield a good description. In 
Sr2Ru04 there are clear discrepancies, for example the 
relatively large elastic constants compared to the lower 
zone-boundary frequencies, which suggest the relevance 
of long-range interactions arising from Coulomb poten- 
tials. We, therefore, have modeled the phonon dispersion 
of Sr2Ru04 in an ionic shell model, whose parameters 
are given in table I. Starting from the generalized model 
presented in reference [2^ we have adapted the param- 
eters to the measured dispersion under the additional 
constraint of the resulting forces not getting too large. 

For the description of the phonon dispersion in 
Sr2Ru04 we use Coulomb-potentials with effective 
charges, V{r) cx '^^^^'^ and the repulsive forces are de- 
scribed by Born-Mayer potentials V{r) = A-exp{—r/ro). 



Shell charges describing a single-ion polarizability have 
been introduced for all atoms with shell-core force con- 
stants chosen anisotropic for Sr and Ru. The interatomic 
forces act on the shells in our model. We treat the in- 
plane oxygen (01) and the apical oxygen (02) differently, 
similar to the case of the cuprates, but the same 0-0 po- 
tential was used for all pairs. For the 0-0-interaction 
we have added a van der Waals term of -100(ev A^)-r^^ 
with r the interatomic distance in A. All calculations 
were performed with the GEN AX program [s^. 

In addition to the potentials a few additional force con- 
stants were introduced to improve the description. An- 
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FIG. 3: (color online) Temperature dependence of the rota- 
tional mode in Sr2Ru04, a) mode frequency and b) width. 
The mode was measured at Q=(2.5,1.5,0) in the [100], [010] 
scattering geometry. Raw-data scans at three temperature 
are shown in part c), these scans were fitted by Lorentzian 
profiles in order to obtain the positions and widths. 



gular forces were added for the linear Ol-Ru-01 and 02- 
Ru-02 bonds and special force constants were needed in 
order to describe the behavior of the c-polarized bond- 
stretching modes, as it will be discussed below. 



SOFT ROTATIONAL MODE 



Since our first report on the softening of the rota- 
tional mode in Sr2Ru04 the structural studies on the 
phase diagram of Ca2_xSrxRu04 have shown the close 
connection between the static octahedron rotation and 
the electronic and magnetic properties in Ca2_xSr^Ru04 
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Therefore, it appeared interesting to study 
the temperature dependence of the rotational mode in 
more detail in Sr2Ru04 which, however, does not ex- 
hibit the static distortion [sl]. The new results on the 
rotational mode confirm our previous measurement and 
are given in Fig. 3. The rotational mode was measured 
at Q=(2.5, 1.5,0) in the [100], [010] scattering geometry. 
Between the lowest and the highest temperature (^--^450 
K) the rotational mode continuously broadens whereas 
the frequency first softens up to about room tempera- 
ture and then stiffens upon further temperature increase. 
These temperature dependencies cannot be explained by 
a normal structural instability where the mode should 
soften and broaden concomitantly. Instead, we think that 
these anomalous effects have to be attributed to electron- 
phonon coupling. The strongest temperature effects in 
both, in the frequency and in the width, are observed 
near 150 K, where the c-axis resistivity exhibits a broad 
maximum. The anomalous temperature dependency of 
the rotational mode might thus be connected with the 
c-axis charge transport. 
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SCREENING OF COULOMB POTENTIALS BY 
CHARGE CARRIERS 



The metallic character of Sr2Ru04 yields an effec- 
tive screening of the Coulomb potentials and was ex- 
plicitly taken into account in the lattice-dynamics cal- 
culations. We describe the electronic susceptibility by 
the Lindhard function for a free-electron gas In 
such model the screening is perfect at long distance, 
thereby the splitting between longitudinal optic (LO) and 
transverse optic (TO) phonon frequencies disappears at 
the Brillouin-zone center. However, when passing into 
the zone, the screening will be less effective as it has 
to occur at shorter distance and the LO-TO splitting 
may partially recover yielding an increasing dispersion 
close to the zone center. The screening scenario applies 
to any polar modes, in particular to those with Ru-0 
bond-bending character, which posses the strongest po- 
lar character in Sr2Ru04. Since in other perovskites 
these bending modes are associated with ferroelectric- 
ity, they are frequently called ferroelectric modes. Com- 
parison of the Sr2Ru04 low-temperature phonon disper- 
sion with those observed in Lai.85Sro.i5Cu04 [23| and in 
Ndi.85Ceo.i5Cu04 ^151] immediately reveals differences. 
The bond-bending branches in the ruthenate are much 
flatter indicating a more effective screening. The rele- 
vant Ai and Si branches starting at the mode at 
9.72 THz attain only frequencies of about 12 THz in 
the ruthenate whereas they exhibit a steep dispersion 
up to 16 THz in the cuprates starting at a compara- 
ble zone-center frequency. Also along the c direction the 
screening is rather perfect in Sr2Ru04, as the Ai branch 
starting at the 11 THz Au mode is rather flat. The com- 
parably efficient screening perpendicular to the planes 
is further corroborated by the model calculations where 
an isotropic screening formalism is found to describe the 
dispersion relation reasonably well. The isotropic screen- 
ing contrasts with the anisotropic transport properties of 



Sr2Ru04, where resistivity ratios — — — of the order 
of 1000 were reported 40l. |41|. 

In the case of Sr2Ru04 we obtain a screening vector 
of fcs = 0.86A~^ which is considerably larger than the 
one found for example in La2- ^Sr^Cu04, h = 0.39A-1 
for x^O.l 22] or the one observed in Nd2-a;Cea:Cu04 
ks=0.4:lA~^ for x=0.15 15|. Qualitatively, the efficient 



screening agrees with the better metallic properties of the 
ruthenate. Using a screening vector of fcs=0.42A~^, simi- 
lar to those observed in the cuprates, we find also a com- 
parable phonon dispersion. The longitudinal branches 
starting at the ferroelectric bond-bending modes are then 
found to attain frequencies of 16 THz for propagation 
vectors along and perpendicular to the planes as it is 
indeed observed in the cuprates. 

At low temperature, Sr2Ru04 exhibits a considerably 
higher in-plane electrical conductivity than the cuprates. 



However, upon heating the conductivity considerably de- 
creases in Sr2Ru04 attaining values at high temperature 
which are comparable to those observed in the cuprates. 
The in-plane mean free path in Sr2Ru04 was reported 
to fall below 1 A without any sign for resistivity satura- 
tion upon heating till 1200 K 4l|. One may, therefore, 
wonder, whether the efficient low-temperature screening 
in Sr2Ru04 is significantly reduced upon heating as well. 
To study this problem we have analyzed the ferroelectric 
bond-bending modes at different temperatures for the 
Ai and Ai branches. However, all temperature-induced 
phonon-frequency shifts are very small, of the order of 
one percent, whereas an essential change of the screen- 
ing rendering the ruthenate at room temperature com- 
parable to the cuprates would imply frequency shifts by 
more than 30 percent. We may conclude that the high 
screening of the Coulomb potentials in Sr2Ru04 remains 
essentially unchanged between 10 K and room tempera- 
ture. The screening of Coulomb potentials seems to be 
fully decoupled from the macroscopic charge transport. 

Qualitatively the minor temperature-induced 
frequency-changes agree with a very small reduc- 
tion of the screening upon heating; the zone-center 
modes slightly soften (Eu) or remain unchanged (Au) 
whereas there is a minor hardening for polar modes 
in the Brillouin zone upon heating, but none of these 
effects is stronger than two percent. 



DISPERSION OF BOND-STRETCHING MODES 

The dispersion of the in-plane bond-stretching modes 
is shown in detail in Fig. 4. Starting at the highest 
Eu frequency a Ai branch connects to the half-breathing 
mode at q=(0.5,0,0) and then continues to the Z=(1,0,0) 
point bond-stretching mode with an out-of-phase vibra- 
tion of neighboring planes. For the corresponding polar- 
ization patterns see Fig. 5a) and b) . Unfortunately, there 
is a strong loss in the dynamical structure factor when ap- 
proaching the half-breathing mode rendering these mea- 
surements always difficult. The raw data shown in Fig. 
4a), however, document that the branch can be followed 
along this path by combining measurements in differ- 
ent Brillouin zones, mostly (4,0,0), (5,1,0) and (5,0,3). 
This branch shows a rather flat dispersion and a nearly 
q-independent width. There is no overscreening effect 
along the [100]-direction comparable to those observed 
in all metallic perovskites observed so far. The disper- 
sion is reasonably well described by our lattice-dynamical 
model, see Fig. 4c). 

Also along the [110]-dircction, we do not find the 
over-screening effect but a rather normal and increas- 
ing dispersion towards the planar breathing mode at 
q=(0.5,0.5,0), for the polarization pattern see Fig. 5c). 
Fig. 4b) shows the scans taken most at Q= (3-1-^,3-1-^,2) 
and in Fig. 4d) the dispersion is presented, which again 
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is well reproduced by the shell model. 

The normal bond-stretching dispersion contrasts with 
all electronically doped perovskite compounds studied so 
far, as all of them exhibit a pronounced over-screening 
effect at least along one of the in-plane directions. The 
difference between Sr2Ru04 and the materials studied 
previously consists in the fact that Sr2Ru04 is intrinsi- 
cally metallic implying a relatively higher charge carrier 
density. More importantly, it appears that the charge 
carriers in Sr2Ru04 possess a higher mobility. Sr2Ru04 
exhibits a low residual resistivity and well-defined Fermi- 
liquid behavior at low temperatures 0. The ruthenate 
does not seem to be close to any charge-ordering instabil- 
ity with an inhomogeneous distribution of charges within 
the Ru02-layers. 

The debate about the role of electron-phonon cou- 
pling in cuprate high-temperature superconductivity has 
gained further weight with the interpretation that the 
kink observed in ARPES spectra of many HTSC com- 
pounds arises from electron-phonon coupling This 
interpretation contrasts with the explanation given by 
other groups, who attribute the kink to an interac- 
tion with magnetic excitations [43| . A comparable kink 
has more recently been found in the ARPES spectra of 
Sr2Ru04 as well [3]. Therefore, the comparison of the 
lattice dynamics of this material with that of the cuprates 
might help understanding the origin of these kinks. In 
view of the absence of the corresponding phonon anomaly 
in the in-plane bond-stretching dispersion of the ruthen- 
ate it appears rather unlikely that the in-planc bond- 
stretching modes are essential for the understanding of 
the ARPES kinks. Instead the ARPES kinks could 
arise from the magnetic excitations in both materials 
as Sr2Ru04 and (La, Sr)2Cu04 exhibit both magnetic 
fluctuations of nearly antiferromagnetic character and of 

M in- 



comparable strength [2; 

Fig. 5 e-g) show the polarization patterns of different 
out-of-plane bond-stretching modes. At the zone-center 
there is an odd Au and an even ^g-mode where the two 
02's connected to a Ru-site vibrate in and out-of-phase, 
respectively. Due to the translation symmetry, the octa- 
hedron at the center of the tetragonal cell moves in phase 
with the one at the origin for the zone-center modes. For 
q at the point Z=(1,0,0), however, the two octahedra vi- 
brate with opposite phases, see Fig. 5. The Ag-mode 
connects with the so-called O^^-mode at Z through a Ai 
branch and the A„-mode to its analogue through a A4- 
branch. The O^^-mode is interesting in terms of a possi- 
ble coupling with charge fluctuations. At the same time 
all oxygens connected to a certain Ru-layer move towards 
that layer whereas those 02 's connected to the neighbor- 
ing layers move away from those. This mode may, hence, 
be considered as the c-axis polarized analogue of the lin- 
ear breathing mode; it can be coupled with an inter-layer 
charge transfer. 

Basing on a simple ionic lattice dynamical model one 




17 19 21 23 25 17 19 21 23 25 
V (THz) u (THz) 




0.5 

(f 0) 



1.0 0.5 
a f 0) 



FIG. 4; (color online) Raw data scans to determine the 
longitudinal bond-stretching modes at q=(^,0,0) a) and at 
(^,^,0) b), for clarity scans were successively translated ver- 
tically. Dispersion of the in-plane bond-stretching phonon 
modes along the [100] c) and [110]-direction d); symbols de- 
note the measured frequencies and lines the dispersion calcu- 
lated with the lattice dynamics model. 



expects roughly similar frequencies for the Ag and the 
Oj,2-modes. However, we find a steep downwards dis- 
persion in the Ai-branch connecting these two modes, 
see Fig. 6. From the Ag-frequency at 16.4 THz the fre- 
quencies of the branch decrease towards the value of 14.5 
THz observed for the O^^-mode. Two scans across this 
branch are shown in Fig. Id). In contrast the A4 branch 
exhibits an increasing dispersion from the A„-mode to- 
wards the corresponding Z-point mode. This dispersion 
cannot be described with the normal ionic model, the 
corresponding dispersion is indicated in Fig. 6 by the 
broken lines. In order to describe the pronounced soft- 
ening of the O^^-mode without affecting the description 
of the other modes we had to introduce two specially 
adapted force constants, see table I. The O^^ force con- 
stant acts on the two 02 sites connected to the same 
Ru, and the breathing constant chosen negative acts on 
the in-plane oxygens connected to the same Ru. These 
constants mimic the observed dispersion rather well but 
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FIG. 5: (color online) Polarization patterns of several bond- 
stretching modes. Parts a), b) and c) display the elongations 
within a single Ru02 layer for the in-plane bond-stretching 
modes at the zone center, at q= (0.5,0,0) (half-breathing 
mode) and at q=(0.5,0.5,0) (planar beathing mode), respec- 
tively. Part d) shows the polarization pattern of the trans- 
verse bond-stretching mode at q=(0.5,0.5,0) of quadrupolar 
character. Three z-polarized bond-stretching mode patterns 
are given in parts e)-g) : the Au (e) and the Ag (f) modes 
at the Brillouin-zone center and the O mode at the Z-point 
(g). 



they do not possess an intrinsic physical meaning. With 
these additional parameters a good description of the 
bond-stretching dispersion is obtained except the trans- 
verse E3 branch connecting to the quadrupolar mode at 
q=(0.5,0.5,0), see Fig. If) for a raw-data scan and Fig. 
5d) for the polarization pattern, where the model predicts 
a softening stronger than the one found experimentally. 

We think that the anomalously soft O^^-mode fre- 
quency has to be attributed to a strong electron-phonon 
coupling, as it is further supported by the temperature 
dependence. In two independent experiments we have 
studied the temperature dependence of these c-axis po- 
larized Ai-modes between 15 and 300 K and between 15 
and 450 K. The results are resumed in Fig. 7. The en- 
tire Ai-branch softens upon heating, but the softening 
is much stronger at the O^^-mode where it exceeds the 




FIG. 6: (color online) Dispersion of the z-polarized bond- 
stretching phonons along the [100]-direction; the Ag/O^^ and 
Au/Z-Au modes connect through Ai and A4-branches, re- 
spectively. The broken lines give the results of a normal lat- 
tice dynamics model which is unable to describe the disper- 
sion properly. The solid lines correspond to the dispersion 
calculated with the inclusion of the special force constants. 



expectation for a typical mode Griineisen parameter, see 
Fig. 7b) and c). In addition, at room temperature the 
Oj,2-mode is significantly broader than the other modes 
studied in this branch. Most interestingly the anoma- 
lous softening of the 02j.-mode occurs just above about 
^150 K, which is the crossover temperature observed in 



the c axis electric resistivity [40|, |4l|. Concomitantly, 
the width of the O^^-mode increases at this temperature 
range. The measurements of the optical conductivity in 
Sr2Ru04 have revealed that the charge transport along 
the c direction is coherent only at low temperatures [STj . 

We attribute the anomalous dispersion near the O^^- 
mode as well as the temperature effects to a strong 
coupling between this phonon mode and the inter-layer 
charge transport. This electron lattice coupling causes 
considerable phonon softening and broadening in partic- 
ular at high temperature where the charge transport is in- 
coherent. Evidence for a much stronger electron-phonon 
coupling associated with the O^^-mode was found in the 
isostructural cuprate (La, Sr)r,CuO^ 0] and in less ex- 
tent in Ndi.85Ceo.i5Cu04 [15|. Ho and Schofield have 
explained the temperature dependence of the anisotropic 
resistivity of a two-dimensional metal and in particular 
the existence of a resistivity maximum along the less cou- 
pled direction by an anisotropic electron-boson coupling 
[46l |. They obtained an excellent fit to the c-axis resis- 
tivity in Sr2Ru04 assuming the characterisic energy of 
the coupling boson at fcs-515 K~ll THz, which agrees 
reasonably well with the energy of the O^^-mode of 14 
THz, corroborating the conclusion that strong electron- 
phonon coupling for the Oj,z-mode is associated with the 
uncommon c-axis charge transport. 

Bands of different orbital character contribute to the 
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FIG. 7: (color online) Temperature dependencies of peak 
widths and frequencies of the c-polarized bond-stretching Ai 
modes, a) and c) : temperature dependencies of the peak 
width (a) and of the frequency (c) of the O^^-mode, respec- 
tively. These results were determined in two independent ex- 
periments (open and filled symbols), b) and d): q-dependence 
of the temperature-induced frequency shifts (b) and of the 
phonon frequencies of this Ai branch (d) at 15 K (open sym- 
bols) and at room temperature (filled symbols). 



Fermi surface in Sr2Ru04 2]. Amongst them, the d^^ 
and the d,,, states should be most relevant for the c-axis 
charge transport and also most sensitive to the strong 
coupling with the O^^. phonon mode. The electron- 
phonon coupling, thus, should be more important for 
these d^z and d^^ states possibly competing with a non- 
conventional superconducting pairing mechanism. The 
anisotropic electron-phonon coupling in Sr2Ru04 might, 
therefore, enhance the orbital selective character of the 
superconductivity in Sr2Ru04 [47 1. 



SEARCH FOR A KOHN- ANOMALY 



Pure [29| and Ti-doped Sr^RuO. [4a| are text-book 



examples for pronounced Fermi-surface nesting. The 
quasi-one dimensional d^^ and dy^ bands form flat Fermi- 
surface sheets yielding strong nesting at the q-position 
(0.3,0.3,g/). In pure Sr2Ru04 this nesting implies sharply 
peaked magnetic fluctuations 2^, 3^, 4^, and upon mi- 
nor Ti-substitution a static spin-density wave develops 



at this propagation vector [48|. We have studied the 



question whether the pronounced peak in the electronic 
susceptibility yields a signature in the lattice dynamics 
as well which would correspond to a Kohn anomaly. 

The longitudinal breathing modes along the [110] di- 
rection are a first promising candidate to search for a 
Kohn anomaly, since the breathing modes are intrinsi- 
cally coupled with the Ru-site charges. In the in-plane 
bond stretching dispersion shown in Fig. 4, however, 
no such signature can be detected in spite of the high 
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FIG. 8: (color online) Dispersion of the longitudinal acoustic 
and the lowest optical branch of the same symmetry along 
the [110]-direction, Ei-modes. In part a) crosses denote the 
data taken to establish the overall dispersion shown in Fig. 2. 
Open circles denote the results of measurements at 60 K with 
the PG monochromator; filled circles and stars present the 
data obtained with the Cu-(lll) monochromator acchieving 
higher resolution. Lines correspond to the frequencies calcu- 
lated with the lattice dynamical model. 



precision obtained for that branch. Another candidate 
for a Kohn anomaly is the longitudinal acoustic branch 
which belongs to the same Si representation. In order to 
detect such an anomaly we have measured the phonon- 
frequencies in the lowest two Si branches with much 
higher precision than the data taken in order to establish 
the global dispersion in Fig. 2. At 60 K one data set was 
taken in the [100]/ [010] scattering geometry using the PG 
monochromator. We also used the [110]/ [001] scattering 
geometry in combination with the PG monochromator 
yielding comparable results but less precision due to the 
less favorable alignment of the resolution ellipsoid. An- 
other data set was taken in [100]/ [010] scattering using 
the Cu-(lll) monochromator yielding a better energy 
resolution at 12 and 295 K. The results of these mea- 
surements are shown in Fig. 8. Indeed one may discern 
a small dip in the lowest branch just at q= (0.3,0.3,0) 
which is somehow smeared out at room temperature. 
This dip, however, is superposed with the effects arising 
from the anti-crossing behavior of the two branches of the 
same symmetry which may explain the weak plateau in 
the acoustic branch around q=(0. 25,0. 25, 0)-(0. 35, 0.35,0). 
Anyway the effect of the nesting has to be considered as 
being weak. It appears very unlikely that such an elec- 
tron phonon coupling is a relevant effect in Sr2Ru04. 



CONCLUSIONS 

The lattice dynamics of Sr2Ru04 in spite of its excel- 
lent metallic properties at low temperatures still shows 
the characteristic features of an ionic compound. The 
dispersion is best described in an ionic shell model tak- 
ing account of the electronic screening. Compared to 
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previously studied perovskites, in particular the high- 
temperature superconducting cuprates, the screening is 
more efficient in Sr2Ru04. There is no direct relation 
between the screening and electric transport properties, 
as, in contrast to the transport, the screening is isotropic 
and essentially temperature independent. 

In view of the anomalous bond-stretching dispersion 
observed in all electronically doped perovskites studied so 
far, this aspect is particularly interesting in Sr2Ru04 as 
well. The in-plane bond-stretching dispersion, however, 
is rather normal in Sr2Ru04. The anomalous effects in 
the other materials may hence not simply be attributed 
to their metallic character. Instead it seems likely that 
the high mobility of the charge carriers along the planes 
in Sr2Ru04 inhibits the strong coupling between the 
breathing modes and charge fluctuations. The absence 
of the in-plane bond-stretching anomalies in Sr2Ru04 to- 
gether with the observation of kinks in ARPES spectra 
resembling those of the cuprates, renders a dominant role 
of the in-plane bond-stretching phonons in the cuprate- 
kink mechanism unlikely. 

A highly anomalous bond-stretching dispersion is, 
however, observed for the c-polarized bond-stretching 
modes in Sr2Ru04. The O^^ zone-boundary mode ex- 
hibits a rather low frequency and a strongly temperature- 
dependent line broadening. These effects indicate that 
this mode is coupled with the anomalous charge trans- 
port along the c-direction observed in DC resistivity and 
in optical conductivity experiments. Whether this size- 
able electron-phonon coupling plays some role in the su- 
perconducting pairing mechanism in Sr2Ru04, remains 
a challenging open issue. 

Work at Universitat zu Koln was supported by the 
Deutsche Forschungsgemeinschaft through the Sonder- 
forschungsbereich 608. 
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